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162 The Journal of Thoracic and Cardbjective: This study aimed to evaluate our newly developed 3-dimensional digital
otion-capture and reconstruction system in an animal experiment setting and to
haracterize quantitatively the three regional cardiac surface motions, in the left
nterior descending artery, right coronary artery, and left circumflex artery, before
nd after stabilization using a stabilizer.
ethods: Six pigs underwent a full sternotomy. Three tiny metallic markers (di-
meter 2 mm) coated with a reflective material were attached on three regional
ardiac surfaces (left anterior descending, right coronary, and left circumflex cor-
nary artery regions). These markers were captured by two high-speed digital video
ameras (955 frames per second) as 2-dimensional coordinates and reconstructed to
-dimensional data points (about 480 xyz-position data per second) by a newly
eveloped computer program.
esults: The remaining motion after stabilization ranged from 0.4 to 1.01 mm at the
eft anterior descending, 0.91 to 1.52 mm at the right coronary artery, and 0.53 to
.14 mm at the left circumflex regions. Significant differences before and after
tabilization were evaluated in maximum moving velocity (left anterior descending
56.7  178.7 vs 306.5  207.4 mm/s; right coronary artery 574.9  161.7 vs
46.9  170.7 mm/s; left circumflex 578.7  226.7 vs 398.9  192.6 mm/s; P 
0001) and maximum acceleration (left anterior descending 238.8  137.4 vs
69.4  132.7 m/s2; right coronary artery 315.0  123.9 vs 242.9  120.6 m/s2;
eft circumflex 307.9  151.0 vs 217.2  132.3 m/s2; P  .0001).
onclusions: This system is useful for a precise quantification of the heart surface
ovement. This helps us better understand the complexity of the heart, its motion,
nd the need for developing a better stabilizer for beating heart surgery.
ecently, off-pump coronary artery bypass (OPCAB) has become more fre-
quent in surgical procedures. Mechanical stabilization of the anastomotic
area of the target vessel is an essential technique in coronary bypass surgery
n the beating heart. Stabilizers are used to reduce the cardiac surface movement.
owever, OPCAB is still described as technically difficult because of the complex-
ty of beating heart coronary artery surgery. Ample training before operating on
atients is necessary and the skill that only a seasoned surgeon retains is essential.
t is difficult to suture the coronary artery when the residual motion after stabiliza-
ion is still a factor and/or an unexpected reaction takes place, such as an arrhythmia.
n telerobotic surgery, it has been reported that the current stabilization with a
tabilizer was insufficient and improvement of the stabilizer and new technology of
tabilization is necessary.1 Attempts have been made to develop virtual stabilization,
iovascular Surgery ● November 2006
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ETn which the surgeon sees a stationary image and the point
f interest on a monitor and the motion of the point is calcu-
ated with robotic synchronization.2,3 To this point, some
ethods have been developed to analyze cardiac surface
otion.4-9 However, a more detailed analysis of the cardiac
urface motion is needed to calculate the amount of motion,
elocity, and acceleration of the beating heart. This study
as aimed to evaluate our newly developed 3-dimensional
igital motion-capture and reconstruction system in an
nimal-based experiment and to characterize quantitatively
he three regional cardiac surface motions in the left anterior
escending artery (LAD), right coronary artery (RCA), and
eft circumflex artery (LCX) before and after stabilization of
he heart.
aterials and Methods
nesthesia and Hemodynamic Monitoring
ix pigs weighing 49  17 kg were used. All animals were treated
umanely in compliance with the “Principles of Laboratory Ani-
al Care” formulated by the National Society for Medical Re-
earch and the “Guide for the Care and Use of Laboratory Ani-
als” prepared by the Institute of Laboratory Animal Resources
nd published by the National Institutes of Health (Publication No.
6-23, revised 1985). After sedation with a mixture of ketamine
ydrochloride (20 mg/kg), atropine sulfate (1 mg), and pentobar-
Abbreviations and Acronyms
LAD  left anterior descending coronary artery
LCX  left circumflex coronary artery
OPCAB  off-pump coronary artery bypass
RCA  right coronary arteryThe Journal of Thoracicital sodium (30 mg/kg) intramuscularly in the neck, the animals
ere placed on the operating table in a supine position and the
xternal electrocardiogram was monitored. An ear vein was can-
ulated for fluid and drug administration. After endotracheal intu-
ation, mechanical positive-pressure ventilation was maintained
ith a mixture of 100% oxygen and isoflurane at a tidal volume of
0 mL/kg. Anesthesia was maintained by isoflurane gas (0.5%-
%) and bolus infusion of pentobarbital (10 mg · kg1 · h1). The
rterial blood pressure of the femoral artery was continuously
onitored. After median sternotomy, the pericardium was opened.
Swan-Ganz catheter (Baxter Healthcare, Irvine, Calif) was in-
erted from the right atrial appendage into the pulmonary artery,
nd pulmonary arterial pressure, right atrial pressure, and cardiac
utput were continuously monitored.
The sinus node was destroyed by liquid nitrogen, and tempo-
ary epicardial pacemaker wires were sutured on the right atrium.
he heart rate was controlled by electrical pacing.10,11
ata Acquisition System
schematic overview of this newly developed system is shown in
igure 1. This system consisted of two computers for processing
igh-speed digital video cameras, and two light sources. Each com-
uter had an image-processing board (Viper digital; Coreco Inc, Saint
aurent, Quebec, Canada) that provided real-time picture taking from
high-speed digital camera. These two high-speed 8-bit digital video
ameras (DALSA-CA-D6; 260 260 pixels, with a frame rate of 955
rames per second [fps], DALSA Inc, Waterloo, Ontario, Canada),
ere attached to two endoscopes (Hopkins; Karl Storz GmbH & Co,
uttlingen, Germany) with two light sources (XENON 300; Karl
torz). These high-speed cameras were set in a fixed position and,
ith the endoscope attached to them, they were able to focus in and
ock onto the markers that were fixed onto the heart surface. The
arkers were made of stainless steel ball and had a diameter of 2
m3. They were then coated with a retroreflective material (a m
hat has the ability to reflect light in an incidence direction) that can be
Figure 1. A schematic overview of this
newly developed system. The X-axis
was classified as the direction from
the “head to tail” of the pig, the Y-axis
was classified as the “left to right”
side of the operating table, and the
Z-axis was classified as the “upward”
vertical angle from the pig. 2D, Two-
dimensional; 3D, 3-dimensional.and Cardiovascular Surgery ● Volume 132, Number 5 1163
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ET een by the endoscope and the high-speed cameras. These high-speed
ameras were able to recognize the bright light that was emitted
ecause of the high frame bit rate (955 fps) that was used in this
xperiment. An exposure time per frame shortens when frame rate per
econd is increased. The light that a retroreflective material reflects
as sufficiently bright. The movement and tracking of the markers
nd the heart’s movements were then carried out by computer pro-
essing. The data reliability was increased by fixation of three markers
o the target point in a triangular shape (Figure 2), and trackin
erformed by a template-matching method.12-16 This template-match-
ng method is commonly used in image processing as well as object
ecognition and motion tracking. First, we acquired a still of the image
nd scanned the brightness value of all pixels. When light points were
iscovered, we searched for the circumference and recognized a
riangle form of three markers. In the next frame, we searched for the
arkers around the triangle only and compared a newly recognized
riangle with the triangle that we recognized one frame before. When
wo triangles accord, a newly recognized triangle is decided as the
arkers. Motion tracking of markers was carried out by repeating this
tep. We calculated a center of gravity of the triangle at the same time
nd defined it as a position of the target on the heart. Three markers
ere connected by titanium wire (length was 4 mm) to maintain the
orm of a triangle and were fixed on the epicardium by 6-0 polypro-
ylene suture. Not only were these cameras able to converge onto
hese markers regardless of light conditions, but also they were able to
eflect unwanted reflections or distractions given from other parts of
he body. The triangle shape was calculated as follows:
d(p, q, r) (mp mq)2 (mq mr)2 (mr mp)2
(1 p n 2, p q n 1, q r n)
here mi is movement distance of a light point Mi (i1,2, . . . ,n).
he three triangular tops (M ,M ,M ) are calculated by minimizing
igure 2. Fixing three markers to a target point (the left anterior
escending coronary artery) under stabilization by Octopus 4.3
tabilizer. Each marker was connected by titanium wire and fixed
n epicardium by 6-0 polypropylene.p q r
(p,q,r).
164 The Journal of Thoracic and Cardiovascular Surgery ● Novas
Once the cameras were able to acquire 2-dimensional coordinates
rom the markers through the high-speed cameras, the master com-
uter was used to compare the data given from each camera and create
3-dimensional data point in real time. These real-time data points
ere created through a program that was uniquely prepared for this
xperiment. This program was developed by our team with the aid of
 (Microsoft, Inc, Redmond, Wash).
When we perform 3-dimensional position measurement using a
amera, it is necessary to demand the intrinsic parameters that are
eculiar to an optical system of the camera and the extrinsic param-
ters determined by the position of the camera. The lists of parameters
re shown in Table 1. In addition, some distortion exists in 
ensional coordinate, p (u,v)T, obtained from a camera depending
n the optics characteristics of the camera. In this system, distortion is
evised by an approximation to the trinomial using a radial distortion
odel that distortion arises in proportion to distance from the center
f an image radially.17 A 2-dimensional coordinate on the camerai(i
1,2) image after revision is denoted by Pi  (Ui ,Vi)T. A 3-dimen-
ional coordinate in a camera coordinate system is denoted by wi 
xi,yi,zi)T. A 3-dimensional coordinate in the world coordinate system
s denoted by W  (X,Y,Z)T. The relationship between Pi and wi is
iven by
ziPi  f i ⁄ Sxi 0 Uci0 f ⁄ Syi Vci wi (1)
2) is substituted for (1); then (3) is obtained.
ziPi 0 0 U0 0 V wi (2)
Ciwi 0 (3)
Ci  f i ⁄ Sxi 0 Ui Uci0 f ⁄ Syi Vi Vci 
4) is given by coordinate transformation and is substituted for (3);
hen (5) is obtained.
wi R′i W t′i (4)
ABLE 1. Camera parameters
ntrinsic parameters
fi Focus distance
Sui ,Svi Substantial vertical, horizontal size of
1 pixel
(Uci ,Vci)
T The center of the radial distortion on
the image in the ultraviolet
coordinate system
xtrinsic parameters
Ri The rotation matrix from the world
coordinate system to the camera
coordinate system
ti The origin position of the camera
coordinate in the world coordinate
systemR′i RTi
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ETt′iRiTti
Ci R′i WCit′i (5)
herefore, the next expression (6) is obtained from the data of two
ameras.
BW Y (6)
B C1R′1C2R′2 
Y  C1t′1C2t′2 
is calculated with a pseudo-inverse matrix of B (B#).
W B#Y
alibrations were performed with a cube (2 cm3) made up o
etroreflective markers, which were then used to calculate the
atrix by each computer. In this study, the x-axis was classified as
he direction from the “head to tail” of the pig, the y-axis was
lassified as the “left to right” side of the operating table, and the
-axis was classified as the “upward” vertical angle from the pig
Figure 1).
ystem Inspection
his system was inspected before the animal experiments in three
irections (x-axis, y-axis, and z-axis) using thrree stepping motors
Vexta; Suruga Seiki, Co, Shizuoka, Japan), which have an accu-
acy of 1 m. A marker was continuously moved at a velocity of
.0 mm/s along each direction of axis, and motion tracking was
one in each axis by this system (n  5). The results of motion
racking are shown as Figure 3. Good results were obtained in
irection. When the computer processed the images at the maxi-
um speed, average frame rate was 480  16 fps (n  120).
racking failure rate was 3% (n  100). The resulting accuracy of
ean resolution was 70  6 m (n  20). The tips of the
ndoscopes were set 10 cm from the markers for optimum reso-
ution. All values such as velocity and acceleration were calculated
n the computer processor simultaneously with the motion
racking.
ata Acquisition
he data of three regions of the LAD, the RCA, and the LCX
rtery were acquired for 10 seconds before and after stabilization
y the Octopus tissue stabilizer (Medtronic, Inc, Minneapolis, Minn).
eart rates changed from 100 beats/min to 120 to 140 beats/min by
trial pacing. The apex-suction device (Starfish; Medtronic, Inc)
as used to move the heart to access the target coronary artery on
he lateral and inferior walls of the left ventricle. The Octopus
issue stabilizer was connected to the tail side of the retractor to
tabilize the LAD and connected to the left side of the retractor to
tabilize the RCA and LCX. Mechanical ventilation was stopped
uring data acquisition to avoid the influence of ventilation.
tatistical Analysis
ata are presented as mean  standard deviation.
The Journal of Thoracich
Statistical analysis was performed for each parameter with
he paired Student t test. The following single-dimensional and
-dimensional values were calculated. Each value was defined as
ollows:
1) Move distance of 1 cardiac cycle (mm)

i1
n
sqrt[{x(i 1) x(i)}2 {y(i 1) y(i)}2
 {z(i 1) z(i)}2]
: frame rates/1 beat i: Variable
(i), y(i), z(i): coordinate position of marker at each axis
2) Maximum velocity (mm/s)
Max|sqrt[{x(i  1) x(i)}2 {y(i 1) y(i)}2
 {z(i 1) z(i)}2] ⁄ {time(i 1) time(i)}|
3) Average velocity (mm/s)
 average|sqrt[{x(i 1) x(i)}2 {y(i 1) y(i)}2
 {z(i 1) z(i)}2 ⁄ {time(i 1) time(i)}|
4) Maximum acceleration (m/s2)
Max| {velocity(i 1) velocity(i)} ⁄
{time(i 1) time(i)} |
5) Maximum deceleration (m/s2)
Min| {velocity(i 1) velocity(i)} ⁄
{time(i 1) time(i)} |
6) Maximum amplitude (mm)
Max dataMin data of coordinate position of each axis
igure 3. Inspection of the system in each axis using three stepping
otors. Data are presented as mean  standard deviation.at 1 beat
and Cardiovascular Surgery ● Volume 132, Number 5 1165
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ach value was calculated by each beat and averaged for 10
onsecutive beats (n  6).
esults
irtual 3-dimensional images of a specific beating heart sur-
ace were successfully reconstructed by computer (Figure 4
he motion of each coronary artery is complicated, and
iffered with each pig. The movement along each axis
as also analyzed in detail (Figure 5). Figure 5 showsthat
he movement of the coronary artery was influenced by
echanical ventilation (low-frequency motion pattern).
n this study, because of analysis of the heart surface
otion itself, all data were acquired without mechanical
Figure 4. A representative 3-dimensional reconstruction of
(LAD), right coronary artery (RCA), and left circumflex arterentilation. .
166 The Journal of Thoracic and Cardiovascular Surgery ● NovPercent rates of each value after stabilization compared
ith baseline are shown in Figure 6. Baseline is the 
efore stabilization. The distance moved in 1 cardiac cycle
LAD 15.9%  6.7%, RCA 34.5%  19.2%, LCX 16.6% 
.2%) and average velocity (LAD 15.8%  6.4%, RCA
4.3%  18.1%, LCX 17.2%  5.8%) were significantly
educed when compared with maximum velocity (LAD
2.5%  23.6%, RCA 76.4%  15.3%, LCX 68.5% 
5.0%), maximum acceleration (LAD 65.3%  22.0%,
CA 75.2%  14.9%, LCX 69.9%  28.4%), and maxi-
um deceleration (LAD 64.1%  21.7%, RCA 75.2% 
6.0%, LCX 63.3%  21.8%) in the same group (P 
iac surface motion at left anterior descending artery
X) before stabilization (A) and after stabilization (B).card
y (LC0001). Stabilization with the Octopus tissue stabilizer was
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ETore effective in the distance moved in 1 cardiac cycle and
verage velocity than maximum velocity, maximum accel-
ration, and maximum deceleration.
The breakdown of each axis is shown in Figure 7.
alue has shown a significant difference before and after
tabilization (P  .0001). In maximum amplitude, the re-
aining motion after stabilization was 0.4 to 1.01 mm at the
AD, 0.91 to 1.52 mm at the RCA, and 0.53 to 1.14 mm at
he LCX. There was no significant difference in the ratio
etween each axis before or after stabilization. In maximum
elocity, average velocity, and maximum acceleration, there
ere significant differences in the ratio between the x-axis
ersus the z-axis and between the y-axis versus the z-axis,
specially at the RCA and LCX. Maximum velocity, aver-
ge velocity, and maximum acceleration remained signifi-
antly higher in the z-axis (upward angle) at the RCA and
CX.
Concerning the heart rate and use of stabilizers (Figur
here was a tendency that the motion area of the heart would
ecome smaller if the heart rates would increase. In our
tudy, we tested at various heart rates and found that there
ere no significant differences at any coronary arteries. The
oteworthy point is that the average velocity did not show a
Figure 5. Plots of planar motion in x-axis at the LAD be
mechanical ventilation. Lower panel is shown as undifference at different heart rates. i
The Journal of Thoracicy
 ,
iscussion
motionless surgical field is necessary for a precise coro-
ary anastomosis. This field has been achieved with the use
f cardiopulmonary bypass and cardiac arrest. OPCAB has
n advantage of avoiding the adverse effects of cardiopul-
onary bypass such as the inflammation throughout the
ody, hematologic problems, and neurocognitive changes.
n OPCAB, there was a technical difficulty in the anasto-
osis of the coronary arteries of 1.5 to 2.0 mm in diameter
ith the beating heart. Various methods of mechanical
tabilization and/or pharmacologic stabilization of the beat-
ng heart have been devised and examined.10,11,18-20 After a
otionless field has been achieved by mechanical stabiliza-
ion, similar to cardiac arrest with cardiopulmonary bypass,
PCAB has become more frequent in surgical procedures.
owever, stabilization has been left to a subjective evalu-
tion by surgeons. Therefore, various methods of stabiliza-
ion could not be evaluated comparably and scientific ob-
ective evaluation was impossible.
When we try to analyze the difficulty of anastomosis,
here are two factors to consider: the analysis of the move-
ent around the target point and the surgical factors
and after stabilization. Upper panel is shown as under
n-mechanical ventilation.fore
er nonvolved.21-26
and Cardiovascular Surgery ● Volume 132, Number 5 1167
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ETIn 1964, Fitts and Peterson21 described the difficulty o
ouching a target, which is known as Fitt’s law. In this law,
he difficulty in touching a target is decreased by decreasing
he distance between the target and the operator. The diffi-
ulty is also decreased by increasing the target width. Be-
ause this law was made with a nonmoving target, Jagacin-
ki and his colleagues22 modified this law, by describin
hat the degree of difficulty is increased by increasing the
arget velocity. The geometric accuracy of surgeons is lim-
ted to the range between 100 and 200 m.23 Even for a
urgeon under ideal conditions (with the elbows at rest and
microscopic view), the geometric accuracy may not ex-
eed 50 m.23 In other words, the geometric accuracy to
im a needle at the desired target (arterial wall) under ideal
onditions (nonmoving target) will be in the range of 0.1 to
.2 mm.26 Previous studies have shown that the motion of
he fingers and hand are typically performed at low frequen-
ies of 4 to 7 Hz and the limit of tracking performance for
 human is about 1 Hz.24,25 Because 1 Hz equals 60 bea
in, under 60 beats/min is considered to be the ideal rate for
he surgeon to have the most control and ability to track a
arget point.1,26 The heart surgeon can also gain more c-
rol over these difficulties with the aid of magnifying glasses t
168 The Journal of Thoracic and Cardiovascular Surgery ● Novnd/or arresting the heart. In beating heart surgery, a stabi-
izing devise has been developed to keep the motion of the
arget area within limits. Mechanical stabilization with a
tabilizer has widely increased in recent years.
Despite the natural motion of target areas during sur-
ical procedures, which is an important issue for cardiac
urgeons to consider, there have been only a few reports that
nalyze cardiac surface motion. Several attempts to evaluate
he cardiac surface motion quantitatively have recently been
eported.
In 1996, Borst and associates5 reported that a mechan-
cal stabilizer (Octopus; Medtronic, Inc) significantly re-
uced the area circumscribed by the 2-dimensional refer-
nce points on the RCA and obtuse marginal branch in pigs
y using an analog video camera. In 2002, Detter and
ssociates6 measured the deviation of small vessels in 
nterior wall before and after stabilization by using an
rthogonal polarizations spectral imaging device, reporting
hat the deviation was decreased significantly with the aid of
n Octopus stabilizer. In 2003, Koransky and associa7
-dimensionally reconstructed the motion of the LAD for
he first time with digital sonomicrometry. They reported
Figure 6. Graphs of rate (%) after sta-
bilization compared with baseline.
Baseline is value before stabilization.
Vertical bars are standard deviation.
*P < .0001 compared with maximum
velocity. **P < .0001 compared with
maximum acceleration. ***P < .0001
compared with maximum deceleration.
LAD, Left anterior descending coronary
artery; RCA, right coronary artery; LCX,
left circumflex coronary artery.hat stabilization significantly reduced the 3-dimensional
ember 2006
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ETxcursion, maximum velocity, and average velocity. In
004, Cattin and associates8 captured the wall movemen
f the heart by using a high-speed camera coupled with a
aser sensor. The 2-dimensional lateral motion was captured
ith the high-speed camera and the out-of-plane motion
as acquired with the laser sensor. Most recently, in 2005,
emma and associates9 captured the coronary artery simu-
aneously with two digital cameras, reconstructing the wall
ovements of the heart in 3-dimensional fashion. This was
he first quantitative analysis of the three regions of LAD,
CA, and LCX.
Our newly developed system has several advantages
ver previous studies. First, our system is able to reconstruct
he 3-dimensional motion of any coronary arteries in real
ime. Since the endoscopic camera can move freely and
bserve in detail, any area of cardiac motion can be focused
n and captured. Second, the acquired 3-dimensional data
an compare every region and every axis. Because the axis
an be freely set up during calibration, it is possible to
hange any axis before and after data acquisition. With the
ata received, there will be a complete record of all of the
Figure 7. Comparison of single-axis Cartesian maximum
and maximum acceleration (D) before and after stabil
*P < .0001 compared same group with z-axis before s
after stabilization. LAD, Left anterior descending coron
coronary artery.ovements in an entire operation. Third, the use of an r
The Journal of Thoracicndoscope can greatly decrease the distance to the target
oint. The zoom, focus, and resolution can also be adjusted
ith the high-speed camera and/or the endoscope. Fourth,
arkers were devised to help control the accuracy of the
ystem. These markers are small and lightweight. They can
e placed on any surgical surface and will help lock in on
ny target point when used with the endoscope. Finally,
oth the endoscope and the markers can be sterilized and
sed in any medical procedure or operation in their steril-
zed state.
In this experiment, every value showed that the motion
f the coronary artery was reduced significantly after stabi-
ization at three regions.5-9 We reached several new concl-
ions. First, the maximum acceleration and the maximum
elocity were not reduced significantly compared with max-
mum amplitude and the motion distance of 1 cardiac cycle.
he rapid and sudden motion did remain during stabiliza-
ion. This phenomenon was apparent especially in the di-
ection of the z-axis of the RCA and LCX. The stabilizer
eeds to be improved to reduce rapid and sudden motion,
specially in the z-axis (upward angle). Second, as the heart
plitude (A), maximum velocity (B), average velocity (C),
n at each axis. Vertical bars are standard deviation.
zation. **P < .0001 compared same group with z-axis
rtery; RCA, right coronary artery; LCX, left circumflexam
izatio
tabili
ary aates increase, the motion distance of 1 cardiac cycle, max-
and Cardiovascular Surgery ● Volume 132, Number 5 1169
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ETmum velocity, and maximum acceleration decreased, while
verage velocity did not change significantly. Falk26 re-
orted that the difficulty of motion tracking would increase
hen the heart rates increases. In our study, the motion
istance of 1 cardiac cycle decreased and average velocity
id not change. In beating heart surgery, the difficulty is
ost influenced by the heart rate and the rapid and sudden
otion, the maximum velocity, and the maximum accel-
ration.
linical Implications
ur system can improve a mechanical stabilizer by using
he values obtained in this study. Our system can also
mprove the needed skill pertaining to heart surgery. Al-
hough some different thoughts and ideas have been devel-
ped, none has been able to reproduce cardiac surface
otion.1,26,27-30 Unfortunately, they are inadequate and n
ractical. More systems need to be built that are able to
eproduce the cardiac surface motion. The digital coordinate
ata that can be produced and obtained from our system are
ndispensable to future systems.
Finally, our system can also be used in robotic sur-
Figure 8. Comparison of 3-dimensional Cartesian mov
average velocity (C), and maximum acceleration (D) bef
beats/min. Vertical bars are standard deviation. *P <
LAD, Left anterior descending coronary artery; RCA, riery. Robotic surgery on the beating heart using motion- p
170 The Journal of Thoracic and Cardiovascular Surgery ● Novanceling algorithms has been developed.2,3 The data tha
ur system can provide can be an indispensable addition to
he future use and development of a motion-canceling sys-
em and robotic surgery.
imitations
here are some limitations to this technique. Since the cube
s used for calibration, if two cameras are near, the cube
s not recognized at different angles. Therefore, it is nec-
ssary to maintain an angle from 45° to 135° between the
wo cameras. After calibration, the two cameras cannot be
oved. About 10-cm distance or more is required between
he target point and the tip of an endoscope because a
alibration cannot be carried out if a cube is out of the
creen. When a marker is hidden by something, such as the
hest wall or a retractor, two cameras must be moved to
he position where a marker is seen. Two cameras can be
oved freely in all directions. However, when a marker is
bscured, it is impossible to acquire data.
onclusions
his innovative system plausibly can obtain 3-dimentional
tance of 1 cardiac cycle (A), maximum velocity (B),
nd after stabilization at heart rates of 100, 120, and 140
ompared same group with 140-beats/min heart rates.
oronary artery; LCX, left circumflex coronary artery.e dis
ore a
.01 c
ght cosition data of any part of the beating heart surface. Our
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ETystem is useful for an accurate quantification of the heart
urface motion. Our system can help us all better understand
he complexity of the beating heart and can help to develop
 better stabilizer and ideas for beating heart surgery.4,12-16
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